A gene related to high pristinamycin yield in Streptomyces pristinaespiralis was selected by amplified fragment length polymorphism (AFLP) and its functions were investigated by gene disruption. First, a 561 bp polymorphic sequence was acquired by AFLP from high-yield recombinants compared with the S. pristinaespiralis ancestor ATCC25486, indicating that this approach is an effective means of screening for valuable genes responsible for antibiotic yield. Then, a 2,127 bp open reading frame of a gene designated spy1 that overlaps with the above fragment was identified and its structure and biological functions were investigated. In silico analysis of spy1 encoding a deduced 708-amino-acid-long serine/threonine protein kinase showed that it only contains a catalytic domain in the N-terminal region, which is different from some known homologs. Gene inactivation of chromosomal spy1 indicated that it plays a pleiotropic regulatory function in pristinamycin production, with a positive correlation to pristinamycin I biosynthesis and a negative correlation to pristinamycin II biosynthesis.
Pristinamycin, produced by Streptomyces pristinaespiralis, is a clinically important mixture of two types of structurally dissimilar synergistic antibiotics: pristinamycin I and pristinamycin II, the two main components of which are pristinamycin I A (PI A ) and pristinamycin II A (PII A ) [4] . It has a strong activity against methicillin-, penicillin-, and vancomycin-resistant bacteria and exhibits a prolonged post-antibiotic effect [1] .
As multicomponent antibiotics, each component of pristinamycin is produced and regulated by different secondary metabolic pathways. During the past few decades, pristinamycin biosynthesis in S. pristinaespiralis has been explored, and more than 20 gene functions have been characterized by regular gene isolation and analysis [2, 12] . However, improvement of pristinamycin production by molecular breeding has seldom been reported thus far because of the complex antibiotic biosynthesis and metabolic regulation involved. Thus, screening for valuable genes that are responsible for improving yield will be helpful for molecular breeding of pristinamycin.
In our previous study, it was proved that high pristinamycin-producing strains of S. pristinaespiralis obtained by genome shuffling could indeed generate genetic diversity from ancestors [18] . There ought to be some valuable mutated genes that are responsible for improving yield in these high-yield strains of S. pristinaespiralis. Amplified fragment length polymorphism (AFLP) is a sensitive technique for exploring genomic variability via wholegenome fingerprinting [17] . AFLP with two different restriction enzymes was proved to be effective in detecting DNA variation in different recombinants of S. pristinaespiralis in a previous study [8] . However, it was difficult to perform subsequent cloning of full-length sequences of valuable genes from the recombinants after DNA digestion with both of the restriction enzymes because most of the resulting polymorphic fragments were too short. Therefore, in this study, we attempted to screen for genes related to pristinamycin yield by AFLP with a single restriction enzyme and then investigate their biological functions by gene disruption.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Culture Three high pristinamycin-producing recombinants of S. pristinaespiralis, F618, F303, and F212, obtained by genome shuffling of the ancestral strain ATCC25486 [8] , were used for AFLP and gene disruption experiments. Escherichia coli DH5α was used as a cloning host. E. coli ET12567, harboring the conjugative plasmid pUZ8002, was used to perform intergeneric conjugation from E. coli to S. pristinaespiralis [3] . The E. coli-Streptomyces shuttle plasmid pKC1139, which is also temperature sensitive, was used for gene inactivation, and the shuttle plasmids pGH112 and pSET152 were used in genetic complementation experiments [10] .
The slant, seed, fermentation medium, and cultural conditions for S. pristinaespiralis were as previously described [7] . The medium for intergeneric conjugation and Luria-Bertani medium were used as described [10, 15] . Where needed, the bacterial strains were incubated in the presence of antibiotics: ampicillin (100 µg/ml), apramycin, (50 µg/ml) or kanamycin (50 µg/ml).
For genomic DNA extraction, about 0.5 ml of a frozen mycelial suspension was inoculated into 25 ml of seed medium and cultured for 48 h as previously described [8] . Plasmid DNA from E. coli and genomic DNA from S. pristinaespiralis were isolated using standard protocols [10, 15] . E. coli competent cells were prepared as in the guidelines [15] . Taq DNA polymerase, T4 DNA ligase, and restriction enzymes (Promega) were used according to the supplier's recommendations.
Gene Screening Based on AFLP Analysis AFLP analysis for gene screening was performed using genomic DNA digested with a single restriction enzyme. Templates for an AFLP reaction with SacII were generated as follows: 0.5 µg of genomic DNA was digested with 5 U SacII for 4 h at 37 
Isolation and Sequence Analysis of Unique Bands
Amplified samples were electrophoresed on a 2% (w/v) agarose gel for 1 h at 100 V and stained with ethidium bromide for visualization. Bands resulting only from the amplification of the genomes of all tested high pristinamycin-producing recombinants were extracted and purified with a BioSpin gel extraction kit (BioFlux, China) according to the manufacturer's instructions. DNA fragments were ligated and transformed into E. coli DH5α cells with a pGEM-T Easy Vector System (Promega, USA) as described by the manufacturer. Insertion in transformants was confirmed by PCR with the M 13 primers 5'-CCCAGTCACGACGTTGTAAAACG-3' and 5'-AGC GGATAACAATTTCACACAGG-3'. Plasmids yielding amplification products of the predicted size were collected with a plasmid DNA purification kit (BioFlux) following the protocol of the manufacturer and were sequenced at a biotechnology corporation (Generay, China). After the vector sequence was trimmed off with the VecScreen program (http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html), the retained sequence was used as a query in BLASTn searches with the GenBank nucleotide database, and then the final sequences were submitted to the database (http://www.ncbi.nlm.nih.gov/genbank/).
Analysis of Full-Length Sequence
Using the above fragment as a probe, a screening of the corresponding full-length sequence was performed from a S. pristinaespiralis F618 genomic library in a previous study [6] . Selected cosmids were sequenced at Generay, and the full-length sequence, designated spy1 (S. pristinaespiralis yield related gene 1), was acquired and deposited in the GenBank database. Homology analysis of the sequence was performed using BLASTp searches with the GenBank protein database (http://www.ncbi.nlm.nih.gov/genbank/). The conservative sites of the gene were analyzed by an NCBI Conserved Domains search (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
Gene Inactivation Mutagenesis and Mutant Complementation
To inactivate spy1, a 1 kb internal fragment was amplified from the genomic DNA of S. pristinaespiralis F618 with oligonucleotide primers (5'-TTTAAGCTTGCGTTCACCGCTCCCGTCAT-3' and 5'-AAATCTAGAGGCGTCATCTCCCATCTCCTTCA-3') containing HindIII and XbaI restriction enzyme sites, respectively (underlined). The PCR product was digested with the enzymes and cloned into pKC1139 digested with the same enzymes. The recombinant plasmid spy1::pKC1139 was obtained and introduced into E. coli DH5α prior to introduction into ET12567 (pUZ8002). E. coli ET12567/spy1::pKC1139 was used as a donor strain for intergeneric conjugation as previously described [9] with minor modification. The donor strain was grown in the presence of 50 µg/ml apramycin and 50 µg/ml kanamycin and then used for intergeneric conjugation with S. pristinaespiralis F618. Finally, mutants were screened on plates containing 50 µg/ml nalidixic acid and 50 µg/ml apramycin and were then cultured at 37 o C for a final screening for positive mutation. Mutants were confirmed by PCR analysis and Southern blotting. PCR products were amplified from genomic DNA of the mutants and the parent strain F618 using the upstream primer PA1 (5'-CTGGTCCACAGCTCCTTCG-3') and the downstream primer PA2 (5'-ATTCTTCGCATCCCGCCTCT-3') of the aac(3)IV gene contained in pKC1139. For Southern blot analysis, the genomic DNA of the mutants and F618 was digested with KpnI and then the 1 kb internal fragment of spy1 was labeled as a probe according to the manufacturer's instructions using a DIG DNA labeling and detection kit (Roche).
Genetic complementation experiments were carried out by introducing the full-length spy1 gene cloned from the parent strain into the corresponding mutants by intergeneric conjugation as described
above. For constructing a complementary plasmid, a 303 bp ermE* promoter sequence with an XbaI restriction enzyme site at the 5' end and BamHI, NcoI, EcoRI, and BglII sites at the 3' end was first synthesized by Generay, and then amplified using the primers 5'-TCTAGAGGTACCAGCCCGACCCGAG-3' and 5'-AGATCTGAA TTCCCATGGCATGGAT-3' with XbaI and EcoRI digestion sites, respectively (underlined). Then, a 2,127 bp spy1 sequence was amplified using primers 5'-AAACCATGGATGGTTGGGGGGCTG CCG-3' and 5'-AAAGAATTCCTCAGCTGCCGGGTCGCGCG-3' with NcoI and EcoRI sites, respectively (underlined) from the strain F618. PCR products of the ermE* promoter were digested with the corresponding enzymes and ligated into pGH112 digested with the same enzymes, resulting in the recombinant plasmid pGH-ermE*p. Then, spy1 was digested with the corresponding enzymes and ligated into pGH-ermE*p digested with the same enzymes, resulting in the recombinant plasmid pGH-ermE*p-spy1. Finally, pGHermE*p-spy1 was digested with XbaI and EcoRI and the ermE*-spy1 segment was ligated into pSET152 digested with the same enzymes, resulting in the recombinant plasmid pSET-ermE*p-spy1.
HPLC Analysis of Pristinamycin
The fermentation of mutants was performed as in a previous study [7] . After fermentation, 2.0 ml of fermentation broth was extracted with 4.0 ml of methanol for 1 h and centrifuged at 4,000 rpm for 10 min, and then the supernatant was directly analyzed by HPLC. The column was packed with Hypersil ODS2 (5 µm; 4.6 mm × 250 mm) and developed with acetonitrile-0.1 M potassium phosphate buffer (pH 2.9; v/v = 45:55), at a flow rate of 1.0 ml/min. PI A and PII A were detected by UV absorption at 206 nm. In this study, production of pristinamycin was evaluated based on the peak areas for PI A and PII A . Commercial pristinamycin from Rhone-Poulenc Rorer Co. (Montrouge, France) was used as a reference standard.
RESULTS

Phenotype of Recombinants
In our previous study, breeding of S. pristinaespiralis to increase the yield of pristinamycin by a genome shuffling procedure was performed, and the harvested high-yield strains of S. pristinaespiralis proved that genetic diversity could indeed be generated from ancestors [18] . Further study showed that performing the AFLP procedure with two different restriction enzymes enabled the detection of DNA variation in these high-yield strains of S. pristinaespiralis, but it was difficult to perform subsequent cloning of fulllength sequences of valuable genes from the recombinants [8] . In order to screen novel genes responsible for yield enhancement, three high pristinamycin-producing recombinants from the previous study [8] were selected for AFLP with a single restriction enzyme. These recombinants produced a similar amount of pristinamycin, which was about 10 times higher than that of the ancestral strain ATCC25486 after 60 h fermentation (Table 1) . Subculture experiments indicated that the hereditary character of high production of all recombinants was stable.
Identification of Polymorphic DNA In order to screen for new key genes responsible for high pristinamycin yield, the AFLP technique with a single restriction enzyme was performed. Firstly, the DNA templates of the high-yield recombinants and the ancestor were digested by the restriction enzyme SacII. Then, four selective primers were initially tested to identify the most appropriate pairs that would give the most polymorphic and informative patterns. Of the four primers used for PCR amplification, the selective primers SacII-A generated the best amplification patterns for ease of visual analysis and strain identification (Fig. 1) . The patterns were composed of four bands for the ancestor and five bands for three recombinants, resulting in one unique band for all of the recombinants (Fig. 1) . Finally, the fragment corresponding to this unique band was cloned and then sequenced. Its length was 561 bp. The sequence was deposited in the GenBank database under Accession No. EU123927.
Analysis of Full-Length Sequence
Using the above fragment as a probe, a screening of the corresponding full-length sequence has been performed from a S. pristinaespiralis F618 genomic library, and an open reading frame (ORF) 2,127 bp in length, designated spy1, was acquired in a previous study [6] . The sequence was deposited in the GenBank database under Accession No. GQ253585. However, information regarding the structure and biological functions of the gene remained unknown. Thus, homology analysis and a structural prediction of spy1 were first investigated in this study. It was found that spy1 encodes a 708-amino-acid-long serine/threonine protein kinase, with a close similarity to AfsK in S. coelicolor (BAA08229; 799 aa) (E-value 8e-67 and 50% identity), AfsK-av in S. avermitilis (BAC71528; 782 aa) (E-value 1e-66 and 50% identity), and AfsK-g in S. griseus (BAA08203; 807 aa) (E-value 3e-65 and 51% identity). These homologs are strictly conserved in their N-terminal region spanning 300 aa and contain the common catalytic domain (PKc-like superfamily) of serine/threonine protein kinases (NCBI Accession No. cl09925) by protein conserved domain analysis on the NCBI database. Furthermore, the conserved domain of dehydrogenases with pyrrolo-quinoline quinone (PQQ) as a cofactor (NCBI Accession No. cl11493) was found in the C-terminal region of AfsK, AfsK-av, and AfsK-g, but not in Spy1 (Fig. 2) . This suggests that spy1 has different biological functions in S. pristinaespiralis from those of the known afsK homologs.
Functional Analysis of spy1 by Gene Inactivation
To analyze the function of spy1 in pristinamycin biosynthesis, the individual gene was inactivated by gene insertion mutagenesis. The 1 kb internal fragment of spy1 was amplified using total genomic DNA of the parent strain F618 as template and then inserted into the E. coliStreptomyces shuttle vector pKC1139 to construct the gene-inactivation plasmid spy1::pKC1139. It was then introduced into S. pristinaespiralis by intergeneric conjugation, resulting in chromosomal spy1 inactivation mutants via a single crossover (Fig. 3) . The transformant progeny was Conserved domains were detected in the deduced amino acid sequence of Spy1 and then compared with those of the significantly homologous known proteins AfsK, AfsK-av, and AfsK-g, using the CDD tool on the NCBI website. Fig. 3 . Schematic diagram of spy1 inactivation.
An internal DNA fragment of spy1 was inserted into the XbaI and EcoRI sites of pKC1139, resulting in recombinant plasmid spy1::pKC1139, which was used for gene inactivation by a single crossover process between the recombinant plasmid and the chromosome of the parent F618. KpnI sites were employed to check whether spy1 was inactivated in mutants. Restriction maps of F618 and disruptant show predicted fragment sizes upon KpnI digestion. spy1' represents the 1,000 bp partial fragment of spy1; PA1 and PA2 are the upstream and downstream primers of the aac(3)IV gene contained in pKC1139.
screened by apramycin resistance and nalidixic acidresistance phenotype to yield many clones. These clones were then cultured at 37 o C for the final screening of positive mutation because negative transformants, in which recombinant plasmid spy1::pKC1139 was not integrated into the chromosome, could not continue to grow under this condition, resulting in five spy1 mutants. Then, the selected spy1 mutants were confirmed by both PCR analysis and Southern hybridization. A 683 bp PCR product of the genomic DNA of the mutants could be amplified, whereas PCR of the parent F618 genomic DNA did not yield any product (Fig. 3 and 4) . This result confirmed that the apramycin resistance gene contained in the plasmid is present in the chromosomal DNA of all of the mutants. Southern blotting was performed using the digoxigeninlabeled 1 kb internal fragment of spy1. A blotting signal at 7,518 bp was detected after digesting the genomic DNA of F618 with KpnI, whereas two signals at 6,238 bp and 8,780 bp were obtained for all five spy1 mutants after digestion with KpnI because of the insertion of the recombinant plasmid into chromosomal spy1 (Fig. 3 and 5) . It was concluded that five of the selected mutants do indeed carry the inactivated spy1 gene via single-crossover homologous recombination.
Optical microscopic observation of all of the spy1 mutants showed that they have similar sporulation and mycelial morphogenesis compared with the parent F618 (data not shown). This result indicates that spy1 is not essential for morphological differentiation of mycelia and spores in S. pristinaespiralis.
To understand the role of spy1 in the regulation of pristinamycin production, the antibiotic level was determined in spy1-blocked mutants and compared with that in F618 by fermentation experiments and HPLC analysis (Fig. 6) . It was shown that disruption of spy1 did not completely abolish pristinamycin accumulation, but resulted in a distinct influence on the production of PI and PII components. The average yield of PI A in spy1-blocked mutants was 12 mg/l, a drastic decrease of about 77% compared with that of the parent strain F618, whereas the PII A yield in the mutants was 115 mg/l, a slight increase of about 12% compared with that of F618. From these results, it was concluded that spy1 is involved in the regulation of secondary metabolism, and there might be a positive correlation between the product of spy1 and PI biosynthesis, and a negative correlation with PII biosynthesis.
To further demonstrate that the inactivation of spy1 was indeed responsible for regulating pristinamycin production, we performed genetic complementation experiments in the spy1 mutant by expressing intact spy1 under the control of the ermE* promoter. The complementary plasmid pSETermE*p-spy1 was constructed, introduced into the spy1 mutant, and selected by apramycin resistance. Three spy1-complemented mutants were selected, and the average yield of PI A and PII A was as high as 57 mg/l and 106 mg/l, respectively, by HPLC analysis. The yield was comparable to that of the parent strain F618 (Fig. 6) , indicating that the production of PI and PII components was restored in spy1- Genomic DNA of the parent F618 and the spy1 mutants was digested with KpnI and then hybridized with a spy1-labeled probe. The sizes of fragments corresponding to blotting signals are indicated by the marker on the left. Lane 1: F618; lanes 2-6: spy1 mutants. complemented mutants. From these results, we concluded that spy1 is necessary for antibiotic biosynthesis and functions as a regulator of pristinamycin production.
DISCUSSION
Up to the present, the improvement of pristinamycin production by molecular breeding has seldom been reported. One reason for this has been a lack of effective methods for the screening of valuable genes, which can be exploited to improve the yield of multicomponent antibiotics. In this study, we successfully selected and identified a gene encoding a serine/threonine protein kinase involved in regulating pristinamycin production by AFLP with a single restriction enzyme, indicating that this approach is an effective means of targeting genes responsible for antibiotic yield. It has been known that the production and regulation of multicomponent antibiotics is more complex and might result in more crosstalk between different secondary metabolic pathways than that of single-component antibiotics [11] . Therefore, it might be more difficult to screen for valuable genes for production of multicomponent antibiotics. The strategy used herein might be helpful for the enhanced production of multicomponent antibiotics.
In this study, the protein domains and biological functions of spy1 encoding a serine/threonine protein kinase were investigated for the first time in S. pristinaespiralis. Homology analysis showed that spy1 has significant similiarity to some known genes such as afsK in S. coelicolor, afsK-av in S. avermitilis, and afsK-g in S. griseus [13, 14, 16] . The proteins encoded by these genes have very similar PKc-like and PQQ-DH domains, but their functions are significantly different. For example, afsK is only responsible for antibiotic production in S. coelicolor and afsK-g only controls morphological differentiation in S. griseus, whereas afsKav is involved in the regulation of both types of biological functions in S. avermitilis. We found that spy1 has only the PKc-like domain, and chromosomal spy1 gene inactivation indicated that it is only responsible for pristinamycin production in S. pristinaespiralis. However, it is interesting to note that the production of PII A increased slightly, whereas the production of PI A decreased significantly in the spy1 mutant. The regulation of production of multicomponent pristinamycin is very different from that of the corresponding antibiotics of other spy1 homologs. The distinctive function of spy1 might be related to its lack of a PQQ-DH domain in the encoded serine/threonine protein kinase. At present, unidirectional regulation is generally found for certain secondary metabolites by pyramidal cascades or global regulators such as two-component systems [11] , so further studies on the pleiotropic regulation of spy1 will have important theoretical and practical significance for the selective production of a single valuable component of multicomponent antibiotics.
In addition, spy1 encoding a serine/threonine protein kinase does not share significant homology with the known regulatory genes papR1 and spbR involved in the unidirectional regulation of pristinamycin biosynthesis in S. pristinaespiralis [5] . Thus, spy1 is a novel gene involved in the pleiotropic regulation of pristinamycin production, and its further directional evolution might lead to an improvement in the yield of target components in S. pristinaespiralis.
